The transcription factor Runx1 is essential for the formation of yolk sac-derived erythroid/myeloid progenitors (EMPs) and hematopoietic stem cells (HSCs) from hemogenic endothelium during embryogenesis. However, long-term repopulating HSCs (LT-HSCs) persist when Runx1 is conditionally deleted in fetal liver cells, demonstrating that the requirement for Runx1 changes over time. To define more precisely when Runx1 transitions from an essential factor to a homeostatic regulator of EMPs and HSCs, and whether that transition requires fetal liver colonization, we performed conditional, timed deletions of Runx1 between E7.5 and E13.5. We determined that Runx1 loss reduces the formation or function of EMPs up through E10.5. The Runx1 requirement in HSCs ends later, as deletion up to E11.5 eliminates HSCs. At E11.5, there is an abrupt transition to Runx1 independence in at least a subset of HSCs that does not require fetal liver colonization. The transition to Runx1 independence in EMPs is not mediated by other core binding factors (Runx2 and/or Runx3); however, deleting the common non-DNA-binding β subunit (CBFβ) severely compromises LT-HSC function. Hence, the requirements for Runx1 in EMP and HSC formation are temporally distinct, and LT-HSC function is highly reliant on continued core binding factor activity.
INTRODUCTION
Hematopoiesis unfolds over a period of several days during murine embryogenesis (Dzierzak and Speck, 2008) . The first progenitors arise in the yolk sac, initiating with primitive erythrocytes and megakaryocytes at embryonic stage (E) 7.25, followed by a second 'wave' of transient definitive erythroid/myeloid progenitors (EMPs) beginning at E8.25 (Palis et al., 1999; Tober et al., 2007) . Lymphoid progenitors emerge autonomously in the yolk sac, para-aortic splanchnopleura (P-Sp) and placenta by E9.0 (Rhodes et al., 2008; Yoshimoto et al., 2011) , and at E10.5 HSCs are detectable in the aorta/gonad/mesonephros (AGM) region and in vitelline and umbilical arteries (de Bruijn et al., 2000; Medvinsky and Dzierzak, 1996) . At E11.5, HSCs capable of high level, multi-lineage engraftment can be found in all the aforementioned sites, and in the fetal liver (Dzierzak and Speck, 2008) . At E12.5, the liver becomes the predominant hematopoietic organ in the fetus (Gekas et al., 2005; Kumaravelu et al., 2002) .
EMPs, lymphoid progenitors and HSCs differentiate from hemogenic endothelium (Bertrand et al., 2010; Boisset et al., 2010; Chen et al., 2009; Kissa and Herbomel, 2010; Yoshimoto et al., 2011; Zovein et al., 2008) . The conversion of hemogenic endothelium to blood occurs via an endothelial-to-hematopoietic cell transition, whereby endothelial cells with tight junctions round up, detach from the endothelial layer and enter the circulation. In many vertebrates, newly forming hematopoietic cells form clusters on the luminal side of the endothelial layer, which in mice express Kit (previously known as c-Kit) (Adamo and García-Cardeña, 2012) . Careful analysis of Kit + cells in the major vasculature documented their appearance starting at E9.0 [20 somite pairs (sp)] with total numbers of Kit + cells and size of clusters peaking at E10.5 (33-34 sp) (Yokomizo and Dzierzak, 2010) . A few Kit + cells remain visible in the vasculature at E14.5. Lineage tracing of HSCs using a tamoxifen-activated Cre recombinase (Cre ERT ) expressed from the vascular endothelial cadherin (VEC; Cdh5 -Mouse Genome Informatics) regulatory sequences labeled 2-20% of adult bone marrow cells following tamoxifen injections at E9.5, and 4% when activated ex vivo at E11.5 (Zovein et al., 2008) . Thus, EMP and HSC differentiation from hemogenic endothelium is a continuous, several day process extending from E8.25 through E11.5, and involves several different endothelial populations in distinct anatomical sites.
The formation of EMPs, lymphoid progenitors and HSCs from endothelium is strictly dependent on a heterodimeric transcription factor composed of a sequence specific DNA-binding protein, Runx1, and its obligate non-DNA-binding partner, core binding factor β (CBFβ) Chen et al., 2009 ). Deletion of Runx1 in endothelial cells with VEC-Cre blocked EMP and HSC formation, and the appearance of Kit + hematopoietic cells in the vasculature (Chen et al., 2009) . By contrast, conditional deletion of Runx1 in fetal liver cells using Vav1-Cre did not ablate either EMPs or HSCs, although downstream lineage-specific defects in lymphopoiesis and megakaryopoiesis were observed (Cai et al., 2011; Chen et al., 2009 ). Thus, hematopoiesis shifts from a Runx1-dependent to a relatively Runx1-independent state by the time EMPs and HSCs colonize the fetal liver.
It was not clear when during the period defined by the onset of VEC-Cre activity (E7.5) and onset of Vav1-Cre activity (E11.5-E13.5) (Chen et al., 2009 ) the transition from Runx1 dependence to independence occurred nor whether the transition to Runx1 independence required fetal liver colonization. Here, we determined precisely when the Runx1 requirement for EMP and HSC formation ends, by deleting Runx1 in a temporally controlled manner using tamoxifen-regulated Cre ERT driven from either ubiquitously expressed or endothelial-specific transgenes. We show that the temporal requirement for Runx1 in EMP and HSC formation is distinct and the transition of HSCs to Runx1 independence does not require fetal liver colonization. Furthermore, we show that Runx2 and/or Runx3 do not mediate the transition to Runx1 independence in EMPs, whereas HSCs remain highly reliant on the activity of multiple core binding factors.
MATERIALS AND METHODS

Mice, timed breeding and staging
Transgenic mice expressing a tamoxifen-inducible Cre ERT from the chicken β-actin promoter/enhancer coupled with the cytomegalovirus (CMV) immediate-early enhancer (B6.Cg-Tg[CAG-cre/Esr1]5Amc/J, s/n 004682) (Hayashi and McMahon, 2002) are from Jackson Laboratories. Runx1 floxed mice (Runx1 tm3.1Spe ) and Runx1 GFP mice (Runx1 tm4Dow ) were previously described (Growney et al., 2005; Lorsbach et al., 2004) . Cbfb floxed mice (Cbfb tmi1Itan ) were the kind gift of Ichiro Tanuichi (Naoe et al., 2007) . Cdh5(PAC)-Cre ERT2 mice [Tg(Cdh5-cre/ERT2)1Rha] were provided by Ralf Adams (Sörensen et al., 2009) and Vav1-Cre mice [Tg(Vav1-cre)1Graf] by Thomas Graf (Stadtfeld and Graf, 2005) .
Whole-mount immunohistochemistry and confocal microscopy
Embryos were prepared for confocal analysis as described (Yokomizo et al., 2012) . The following primary antibodies were used: rat anti-mouse CD117 (clone 2B8, eBiosciences), rat anti-mouse CD31 (Mec 13.3, BD Pharmingen) and rabbit anti-human/mouse Runx1 (EPR3099, Epitomics, Burlingame, CA, USA). Secondary antibodies were purchased from Invitrogen: goat anti-rat Alexa Fluor 647, goat-anti rat Alexa Fluor 555 and goat anti-rabbit Alexa Fluor 488. Images were collected on a Zeiss LSM 710 confocal microscope equipped with 488-, 543-and 633-nm wavelengths and a 20× immersion objective (Plan-Apochromat 25×/0.8 NA). Data were acquired using Zeiss ZEN 2011 and processed using Fiji software (Schindelin et al., 2012) , LOCI Bio-Formats Importer (http://dev.loci.wisc.edu/fiji/) and cell counter plugin (version 29 February 2008, Kurt De Vos; http://rsb.info.nih.gov/ij/plugins/cell-counter.html).
Tamoxifen injections of pregnant dams
Tamoxifen (MP Biomedicals) was prepared in 100% ethanol, diluted 1:10 in corn oil, and 2 mg per mouse administered by intraperitoneal injection.
Ex vivo whole embryo cultures
Whole embryo culture was performed as described by Takahashi et al. (Takahashi et al., 2008) with the following modifications. Intact embryos were cultured for 24 hours in 1 ml rat serum supplemented with 10 mM glucose and 10 μM 4-hydroxytamoxifen (4-OHT, Sigma; prepared at 1000× in 95% ethanol) in a roller incubator (BTC Engineering, Cambridge, UK) at 37°C in 21% oxygen, 5% carbon dioxide and balanced nitrogen. Embryos that lacked a heartbeat, developed abnormally, or did not advance at least eight somite pairs were discarded. Tissues were washed in several changes of buffer to remove exogenous 4-OHT prior to hematopoietic culture.
Hematopoietic colony assay and PCR
CFU-C assays were performed in M3434 (StemCell Technologies, Vancouver, Canada) and scored at 1 week. Individual colonies were assayed by PCR. Runx1 primers have been published previously (Chen et al., 2009) . Cbfb primers were: F3, 5Ј-GGTTAGGAGTCATTGTGATCAC-3Ј; R6, 5Ј-CATTGGATTGGCGTTACTGG-3Ј; R4, 5Ј-GAGGTACTTTT ATTTT -GGAGTGAGG-3Ј. qPCR qPCR on FACS-sorted E10.5 hemogenic endothelium and clusters and E14.5 liver progenitors was performed using TaqMan Gene Expression Master Mix. Cdh5 primers, (F: 5Ј-CAACTGCTCGTGAATCTCCA-3Ј; R: 5Ј-CGGTCAAGTATGGGCAGTTT-3Ј), TaqMan probes (actb, 4352341E; HPRT, mm00-4469681-m1; Runx2, mm00501578-m1; Runx3, mm00490666-m1), and run on a 7900HT Fast Real-Time PCR machine (Applied Biosystems, South San Francisco, CA, USA).
Explant culture
AGM+U+V explant cultures were adapted from previously described methods ) using M5300 (StemCell Technologies) supplemented with 10 −6 M hydrocortisone hemisuccinate (Sigma) and 100 ng/ml each IL-3, SCF ligand, Flt3 ligand (Peprotech, Rocky Hill, NJ, USA) and 10 μM 4-OHT (Sigma). PCR was performed on <5% of the cultured tissue to check that Runx1 deletion occurred in at least 50% of the cells.
Transplantation
Donor tissues from 129S1/SvImJ mice were transplanted into B6.SJLPtprca Pep3b/BoyJ recipients with 2.5×10 5 spleen cells (B6.SJL, Ly5.1/Ly5.2). E14.5 fetal liver was transplanted with 2.5×10 5 bone marrow competitor cells. Two split doses of 4.5-5 Gy were administered 3-4 hours apart from a Cs-137 source.
Flow cytometry
Flow cytometric analysis was performed on an LSR-II or sorting on a FACS Aria with DIVA software (Becton Dickinson, Franklin Lakes, NJ, USA) and data analyzed using FloJo (TreeStar, Ashland, OR, USA). The following monoclonal antibodies were used (from eBioscience and/or BD Biosciences): CD45.1-PE-cy7 (A20), CD45.2-PerCP-cy5.5 or CD45.2-FITC (104/A20), Gr1-FITC/Percp-cy5.5/eFluor450 (RB6-8C5), Mac1-APC-cy7/eFluor 450 (M1/70), CD3ε-PE/APC/eFluor 450 (145-2C11), CD19-PE/APC (1D3), Sca1-FITC or PerCP-cy5.5 (D7), c-Kit-APCeflour780 (2B8), CD135-PE (A2F10), CD34-APC (RAM34), CD48-APC (BCM1/HM481), Ter119-eFluor 450 (Ter-119) and B220-eFluor450 (RA3-6B2). CD150-PE-cy7 (TC15-12F12.2) was purchased from BioLegend. Red cells were lysed in Red Cell Lysis Buffer (Sigma). Dead cells were excluded using DAPI (Invitrogen). Population gates were set by comparison with fluor-minus-one controls.
RESULTS
Ubiquitous Runx1 deletion decreases erythroid/ myeloid progenitors in the yolk sac, but not in the fetal liver
We deleted Runx1 floxed (Runx1 f ) alleles beginning at E7.5 in 24-hour windows using a ubiquitously expressed, tamoxifen-regulated Cre driven from the chicken β-actin promoter/enhancer coupled with the cytomegalovirus immediate-early enhancer (hereafter referred to as Actb-Cre ERT ) (Hayashi and McMahon, 2002) . Runx1 was also specifically deleted in endothelial cells using Cre ERT expressed from the VEC regulatory sequences (Sörensen et al., 2009) . Embryos were either cultured ex vivo for 24 hours in the presence of the tamoxifen metabolite 4-hydroxytamoxifen (4-OHT) (Fig. 1A) , or tamoxifen was injected into pregnant dams to execute the deletions (Fig. 1B) . In both cases, embryos were harvested 24 hours post-tamoxifen exposure, exogenous tamoxifen was washed away, and hematopoiesis was analyzed.
We enumerated erythroid/myeloid progenitors in methylcellulose colony-forming assays. Prior to E10.0, the vast majority of erythroid/myeloid progenitors are yolk sac-derived EMPs . Afterwards, erythroid/myeloid progenitors include yolk sac-derived EMPs and progenitors that emerge autonomously in the AGM region, vitelline and umbilical arteries (AGM+U+V) and placenta. We refer to erythroid/myeloid progenitors in the yolk sac as 'EMPs', and those derived from other hematopoietic sites as colony forming units culture progenitors (CFU-Cs), recognizing that CFU-Cs could encompass progenitors (including EMPs) originating from multiple tissues.
We determined whether activation of Cre ERT by tamoxifen or 4-OHT caused nonspecific toxicity by comparing the number of progenitors in Runx1 +/+ and Runx1 f/+ embryos in the presence or absence of Actb-Cre ERT . Intraperitoneal injections of tamoxifen caused no significant reduction in the number of EMPs in the yolk sac or CFU-Cs in the AGM+U+V (Fig. 1D) . However, there was a significant decrease in EMPs and CFU-Cs in whole embryos cultured in 4-OHT (Fig. 1C) , which was accounted for in our data interpretation. Runx1 protein decreased but did not entirely disappear in the majority of Kit + cells in the yolk sac of Runx1 f/f ; Actb-Cre ERT embryos 24 hours post-tamoxifen injection (Fig. 1E,F) . However, Runx1 protein decreased below a critical threshold because, as shown in Fig. 2 (Wang et al., 1996) . EMP numbers in Runx1 f/f and Runx1 f/+ yolk sacs (without Cre ERT ) peaked at E9.5-E10.0, as shown previously (Palis et al., 1999) , then gradually declined over the following two days ( Fig. 2A ; see also supplementary material Table S1 ). Deletion of Runx1 f/f by Actb-Cre ERT (f/f; Cre) in 24-hour windows up to E10.5 significantly decreased EMPs in the yolk sac compared with Runx1 f/+ ; Actb-Cre ERT controls (f/+; Cre); thus, Runx1 deletion negatively impacted EMP formation and/or function over a 3-day period.
We assessed deletion of the Runx1 alleles in individual EMPderived colonies from Runx1 f/+ ; Actb-Cre ERT and Runx1 f/f ; ActbCre ERT yolk sacs by PCR ( Fig. 2B ,C; supplementary material Table  S2 ). There were no colonies from Runx1 f/f ; Actb-Cre ERT yolk sacs containing two deleted Runx1 alleles (Δ/Δ) at E8.5 (deletion initiated at E7.5), but colonies with two deleted Runx1 alleles were detected at all later time points. A colony with two deleted Runx1 alleles indicates that the EMP from which it differentiated was no longer Runx1 dependent at the time of deletion. Despite detecting colonies with two deleted Runx1 alleles as early as E9.0, the significant decline in EMP numbers indicates that a subset of EMPs or their hemogenic endothelial precursors remained Runx1 dependent up through E10.5.
We examined the effect of Runx1 deletion on CFU-Cs in the AGM+U+V ( Fig. 2A) . However, the overall number of CFU-Cs in the AGM+U+V is low compared with that of EMPs in the yolk sac, indicating that many of the AGM+U+V CFU-Cs are likely to be circulating yolk sac-derived EMPs . Although there was a significant decrease in AGM+U+V CFU-Cs at E11.5, the extent to which that reflects a decrease in yolk sac-derived EMPs or AGM+U+V-derived CFU-Cs cannot be determined.
Deletion of Runx1 caused only modest reductions in CFU-Cs in the fetal liver ( Fig. 2A) , and at all times there were colonies containing two deleted Runx1 alleles in Runx1 f/f ; Actb-Cre ERT fetuses ( Fig. 2C) . Therefore, once CFU-Cs reach the fetal liver they are no longer Runx1 dependent, supporting previous data obtained using Vav1-Cre (Chen et al., 2009) .
Runx1 is continuously required in hemogenic endothelium for EMP formation
To examine the requirement for Runx1 in hemogenic endothelium we used VEC-Cre
ERT
. VEC-Cre ERT deletion occurs in endothelium, but the extent to which it continues to delete in newly forming 3767 RESEARCH ARTICLE Runx1 requirement in blood ; VEC-Cre ERT fetuses had no effect on fetal liver CFU-C numbers (Fig. 3A) and the efficiency of deletion in Runx1 f/+ ; VEC-Cre ERT fetal liver CFU-Cs was only 7.5% (Fig. 3B) ; thus, VEC-Cre ERT appeared to be minimally active in fully formed fetal liver CFU-Cs. These data are consistent with a previous study reporting low deletion frequency in fetal liver blood cells, presumably because VEC-Cre ERT levels and activity have substantially declined (Zovein et al., 2008) . It is possible that VEC-Cre ERT activity declines even before cells reach the fetal liver because in the chicken embryo, VEC (Cdh5) mRNA is downregulated in intra-arterial clusters (Jaffredo et al., 2005) . To determine whether this also occurs in mouse, we sorted GFP + cells from the AGM+U+V of E10.5 embryos expressing GFP from a functional Runx1 allele (Lorsbach et al., 2004) , and analyzed the expression of VEC by qPCR (Fig. 3C) . VEC mRNA levels were sixfold lower in clusters compared with hemogenic endothelium, confirming that VEC expression is also downregulated in clusters in the mouse. Nevertheless, residual VEC-Cre ERT activity in cluster cells cannot be ruled out.
RESEARCH ARTICLE
Development 140 (18) The frequency of deleted Runx1 alleles was high (70-80%) in yolk sac EMPs from 17-23 sp and 24-28 sp embryos ( Fig. 3E,F ; supplementary material Table S4 ), indicating that many EMPs are forming from hemogenic endothelium (or to be more precise, VECCre ERT -expressing cells) at those times. Additionally, EMP numbers were significantly decreased in 17-23 sp Runx1 f/f ; VEC-Cre ERT yolk sacs, and there was a trend towards decreased numbers in 24-28 sp yolk sacs ( Fig. 3D; supplementary material Table S3 ). Older (41-50 sp) embryos showed much lower deletion efficiency in EMPs (Fig. 3E,F) , and EMP numbers were not decreased (Fig. 3D) . Thus, by E11.0, most yolk sac EMPs had completed their differentiation from hemogenic endothelium. The frequency at which both Runx1 alleles were deleted in the yolk sac of Runx1 f/f ; VEC-Cre ERT embryos was very low (3 out of 427 colonies) (Fig. 3F) , indicating that although the number of EMPs differentiating from hemogenic endothelium decreases with time, Runx1 is required in hemogenic endothelium (or in VEC-Cre ERT -expressing cells) at all times. The effects of Runx1 deletion by VEC-Cre ERT on AGM+U+V CFU-Cs followed the same trend as observed in yolk sac EMPs (Fig. 3G-I) , with interpretation subject to the same caveats described for Actb-Cre ERT .
Runx1 is essential for HSC formation up to E11.5
To determine when Runx1 is essential for HSC formation, we injected pregnant dams with tamoxifen at E9.5 or E10.5, isolated the AGM+U+V from E11.5 embryos, explanted the tissues for 3 3769 RESEARCH ARTICLE Runx1 requirement in blood days to expand the HSCs, and transplanted the cells into irradiated adult mice (Fig. 4A) . A freshly isolated E11.5 AGM contains only one HSC, but it contains many pre-HSCs that can be matured into HSCs by incorporating a several day explant culture step prior to transplantation (Kumaravelu et al., 2002; Taoudi et al., 2008) . Thus, robust engraftment is possible even if pre-HSC/HSC numbers are moderately lowered by deletion. Injection of as few as 0.03 embryo equivalents (ee) of explanted AGM+U+V from E11.5 Runx1 f/+ ; Actb-Cre ERT fetuses isolated from dams injected with tamoxifen at E9.5 resulted in long-term, high level, multi-lineage engraftment of all recipient mice; thus, each explanted AGM region contained at least 30 HSCs (Fig. 4B) . Identically treated cells from Runx1 f/f ; Actb-Cre ERT fetuses provided similar levels of engraftment in the majority of recipient mice (Fig. 4B) .
We determined whether mice transplanted with Runx1 (Fig. 4C) . However, no donor-derived cells from Runx1 f/f ; Actb-Cre ERT HSCs contained two deleted Runx1 alleles, indicating that there was exquisitely strong selection for retaining at least one functional Runx1 allele between E9.5-E11.5 in pre-HSCs/HSCs.
We next determined whether Runx1 was required from E10.5-E11.5 for pre-HSC/HSC formation (Fig. 4D) . The deletion efficiency in donor-derived B cells, T cells and CFU-C progenitors from Runx1 f/+ ; Actb-Cre ERT HSCs was very high (99-100%; Fig. 4E ). Despite the extremely high deletion efficiency, we found no donor-derived cells from Runx1 f/f ; Actb-Cre ERT HSCs containing two deleted Runx1 alleles (Fig. 4E) , indicating that Runx1 is absolutely required for pre-HSC/HSC formation or function in the AGM+U+V between E9.5 and E11.5.
We then investigated whether Runx1 was required in hemogenic endothelial (VEC-Cre ERT -expressing) cells from E9.5 to E11.5. Strikingly, no recipients were reconstituted when Runx1 was deleted from E9.5 to E11.5 (not shown) or from E10.5 to E11.5 (Fig. 4F) . The frequency of deletion was 100% in donor-derived Runx1 f/+ ; VEC-Cre ERT CFU-Cs (Fig. 4G) . Therefore, Runx1 is essential in VEC-Cre ERT -expressing cells for pre-HSC/HSC formation between E10.5 and E11.5. Furthermore, all pre-HSCs/HSCs present between E10.5 and E11.5 express VEC-Cre ERT .
To quantify the conversion of Runx1 + hemogenic endothelial cells into clusters over the time points analyzed, we examined the distribution of Runx1 + cells between the endothelium and Kit + clusters in the dorsal aorta of E9.5, E10.5 and E11.5 wild-type embryos. Almost all Runx1 + cells were endothelial at E9.5, only 30% remained in the endothelium at E10.5, and 10% were endothelial at E11.5 (Fig. 5A,B) . Therefore, the major conversion of Runx1 + hemogenic endothelium to cluster cells occurs between E9.5 and E10.5, coinciding with when cluster cell numbers peak (Yokomizo and Dzierzak, 2010) . Runx1 deletion between E9.5 and E10.5 decreased the number of cluster cells (Fig. 5C,D) . However, all functional pre-HSCs/HSCs are still lost when Runx1 is deleted with VEC-Cre ERT one day later, between E10.5 and E11.5. Thus, Runx1 is still required in at least a subset of pre-HSCs/HSCs after most hemogenic endothelial cells have already differentiated into cluster cells. As it is unknown whether VEC-Cre ERT is active only in endothelial cells, or if it is also active in all or a subset of cluster cells, Runx1 could be required in the hemogenic endothelium, the cluster cells, or both.
At least a subset of HSCs have transitioned to Runx1 independence at E11.5
To determine whether Runx1 was required in pre-HSCs/HSCs after E11.5, we cultured E11.5 AGM+U+V as explants in the presence of 4-OHT for 3 days, dissociated the explants, washed to remove drug, then transplanted the cells into irradiated hosts (Fig. 6A) high level, multi-lineage engraftment, whereas only four out of seven recipients of Runx1 f/f ; Actb-Cre ERT AGM+U+V were engrafted (Fig. 6B) . Although the fraction of recipients engrafted by Runx1 f/f ; Actb-Cre ERT HSCs was lower, they were repopulated by Runx1-deficient HSCs as ~90% of colonies picked from methylcellulose cultures of donor-derived bone marrow cells had two deleted Runx1 alleles (Fig. 6C) . The reduced engraftment by Runx1-deficient HSCs is consistent with the observation that Runx1-deficient LT-HSCs are slightly impaired. For example, the fetal liver and bone marrow of Runx1 f/f ; Vav1-Cre animals have threefold fewer functional LT-HSCs (Cai et al., 2011) . Runx1-deficient LT-HSCs also contribute less efficiently than do wildtype LT-HSCs to differentiated cells in peripheral blood (Cai et al., 2011; Growney et al., 2005; Ichikawa et al., 2004) . However, we conclude that, despite reduced engraftment, Runx1 is not essential for the maturation and/or expansion of at least a subset of pre-HSCs/HSCs starting at E11.5 in the AGM+U+V.
We then determined whether Runx1 was required in VECCre ERT -expressing cells for pre-HSC/HSC formation after E11.5 using the same strategy. There was no difference in the fraction of engrafted recipient mice transplanted with Runx1
; VEC-Cre ERT cells (Fig. 6D) , unlike what was observed with Actb-Cre ERT deletion (Fig. 6B) . The frequency of deletion in Runx1 f/+ ; VEC-Cre ERT donor-derived CFU-C progenitors was 100% (Fig. 6E) , indicating that VEC-Cre ERT was active in the vast majority of pre-HSCs/HSCs at E11.5. However, and in striking RESEARCH ARTICLE Development 140 (18) contrast to the data obtained with Actb-Cre ERT , no recipients were engrafted with Runx1 f/f ; VEC-Cre ERT HSCs in which both Runx1 alleles were deleted (Fig. 6E) . Therefore, pre-HSCs/HSCs in which either one or two Runx1 f alleles escaped deletion by VEC-Cre ERT , and therefore retained Runx1 function, had matured/expanded to sufficient numbers in the explant cultures to repopulate 100% of the recipients.
Together, these data show that Runx1 is essential for pre-HSC/HSC formation in the AGM region prior to E11.5, at which time some HSCs transition to Runx1 independence. Runx1 remains essential in cells that express VEC-Cre ERT .
The transition to Runx1 independence is an epigenetic event
Runx1 is one of three DNA-binding subunits in the core binding factor family. One potential mechanism for the transition to Runx1 independence might be that Runx2 and/or Runx3 compensates for Runx1 loss. To address this possibility, we inactivated all three Runx proteins by deleting Cbfb, the gene encoding their common non-DNA-binding subunit, using Vav1-Cre. Cbfb f/f ; Vav1-Cre fetal livers at E14.5 had increased numbers of CFU-Cs (Fig. 7A) , similar to what was observed upon deletion of Runx1 with Vav1-Cre (Chen et al., 2009 (Fig. 7D) . However, no donor contribution was evident at 20 weeks post-transplant at any dose. This was not caused by a block in differentiation, as there was no accumulation of stem and progenitor cells in the marrow, except in one recipient (not shown). We also assessed engraftment following transplantation of a large number of fetal liver cells (2×10 6 ) in a non-competitive setting. This resulted in transient high-level contribution to peripheral blood at 3 weeks, followed by a decline in donor-derived cells that leveled off to ~18% at 16 weeks with replacement by residual host cells (Fig. 7E) + thymocytes to analyze was repopulated with T cells that contained only one deleted Cbfb allele, indicating strong selection for retaining a functional Cbfb allele in T cells (data not shown). However, both Cbfb alleles were deleted in donor-derived B cells sorted from the spleens of this and all other transplant recipients, and in all of 57 colonies isolated from methylcellulose in which donor-derived bone marrow was plated (data not shown); therefore, recipients were engrafted with CBFβ-deficient LT-HSCs. We conclude that, although severely compromised when directly transplanted, and completely outcompeted in a competitive setting, LT-HSCs are present in the fetal livers of Cbfb f/f ; Vav1-Cre mice. Nevertheless, CBFβ-deficient HSCs are much more severely compromised than Runx1-deficient HSCs (Cai et al., 2011) , and therefore Runx2 and/or Runx3 contribute substantially to LT-HSC function.
DISCUSSION
Runx1 is required in hemogenic endothelium for EMP and HSC formation, but once EMPs and HSCs colonize the fetal liver they are Runx1 independent (Chen et al., 2009) . Runx1 is expressed in yolk sac mesoderm or hemogenic endothelium over a several day period spanning E7.5 to sometime after E11.5, and whether Runx1 was required for that entire period or a discrete window within it was not known. Here, we show that Runx1 is continuously required in hemogenic endothelium (or in VEC-Cre ERT -expressing cells) for both EMP and HSC formation, as deletion with VEC-Cre ERT at any time resulted in essentially no EMPs or no HSCs with two deleted Runx1 alleles. Nevertheless, the times at which deletion of Runx1 most significantly affected EMP versus HSC formation were distinct, and reflected when the majority of EMPs and HSCs differentiate from hemogenic endothelium. Most EMPs have differentiated from hemogenic endothelium by E10.5, and Runx1 deletion up until that time, but not afterwards, negatively impacted EMP numbers. Conversely, deletion of Runx1 between E10.5 and E11.5 had no impact on EMP numbers, yet completely eliminated HSCs and pre-HSCs in the AGM plus umbilical and vitelline arteries. The separate temporal requirements for Runx1 for EMP versus HSC formation is consistent with the fact that EMPs and HSCs are first detected at different times (Dzierzak and Speck, 2008) . These data are in accord with our previous demonstration of distinct temporal requirements for CBFβ in EMP versus HSC formation .
Tanaka et al. (Tanaka et al., 2012) previously showed that restoration of Runx1 expression from the endogenous Runx1 locus at E6.5 and E7.5 could rescue EMP formation and viability of Runx1-deficient embryos, whereas restoring Runx1 expression at E8.0 or later could not. Their experimental design utilized Cre ERT expressed from one endogenous Runx1 allele to permanently restore Runx1 expression from the other, conditionally activated Runx1 allele. The Tanaka et al. (Tanaka et al., 2012) study defines the beginning of the Runx1 requirement for EMP formation as E7.5, and we have defined the end of the requirement as E10.5. The end of the requirement is likely to reflect the termination of a three-day process of EMP formation from endothelium. Tanaka et al. also defined the beginning of the Runx1 requirement for HSC formation as E7.5 (Tanaka et al., 2012) . Although they showed by transplantation experiments that HSCs were rescued when Runx1 was reactivated at E7.5, they did not directly assess HSC function by transplantation upon reactivation at later time points, and instead used fetal viability and CFU-C activity in the AGM region as surrogates for HSC rescue. However, HSCs can form in the AGM region in the absence of CFU-C activity or fetal viability ; thus, these are not reliable surrogates for HSCs. Thus, the earliest time at which Runx1 function must be present for HSC formation remains ambiguous. Here, we established that Runx1 is absolutely required from E10.5 to E11.5 in the AGM+U+V for preHSCs/HSCs that can be expanded or matured in explant cultures, but starting at E11.5, some pre-HSCs/HSCs have transitioned to Runx1 independence. Our data do not preclude the possibility that some Runx1-independent pre-HSCs/HSCs emerged prior to E10.5 and had already colonized the fetal liver, as our assessment of preHSCs/HSCs was restricted to the AGM+U+V. The transition to Runx1 independence does not require the fetal liver microenvironment, as it can occur in AGM+U+V explant cultures, and appears to be a temporally controlled event.
It was suggested that the transition of EMPs to Runx1 independence could be mediated by the onset of Runx2 and/or Runx3 expression, which could then compensate for Runx1 loss (Hoogenkamp et al., 2009 ). However, we demonstrated that deletion of Cbfb with Vav1-Cre, which would affect the activity of all three Runx proteins, was permissive for EMP/CFU-C function. It is more likely that Runx1 establishes a chromatin state in hemogenic endothelium and EMPs, and at some point is no longer required to maintain this state. A global analysis of Runx1 binding in embryonic stem cell (ESC)-derived hemogenic endothelial cells confirms the first tenant of this hypothesis (Lichtinger et al., 2012) . Using endothelium derived from Runx1-deficient ESCs containing a doxycycline-inducible form of Runx1, Lichtinger et al. (Lichtinger et al., 2012) showed that Runx1 functioned as a pioneer factor that could bind to chromatin at sites distant from promoters with low or negligible levels of the activating H3K9 acetylation mark, and strongly induce acetylation. The transcription factors Tal1 and Fli1, which are expressed in hemogenic endothelium, bound hematopoietic-specific genes in the absence of Runx1, but Runx1 induction led to a rapid redistribution of these factors to sites in the vicinity of Runx1-occupied sites. The mechanism underlying the transition from unstable to stable epigenetic states no longer requiring Runx1 is a fascinating question, and is probably a multistep process involving cooperation with different chromatin regulatory proteins, or with direct or indirect transcription factor targets of Runx1.
The E10.5 mouse embryo contains ~800 Kit + cells in hematopoietic clusters in the dorsal aorta, but almost no functional HSCs (Müller et al., 1994; Yokomizo and Dzierzak, 2010) . However, the E10.5 AGM region contains pre-HSCs that can be matured into HSCs during a 3-5 day explant culture period. Rybtsov et al. (Rybtsov et al., 2011) showed that all pre-HSCs in the E10.5 AGM region were in the VEC + CD45 -population, which contains endothelial cells and a subset of cells in the clusters, and none was in the VEC + CD45 + cluster population. We showed that deletion of Runx1 with VEC-Cre ERT between E10.5 and E11.5, followed by explant culture, eliminated all HSCs. This indicates that all preHSCs in the AGM+U+V between E10.5 and E11.5 still express VEC-Cre ERT and require Runx1. The VEC-Cre ERT -expressing cells include hemogenic endothelium, but might also include some or all cells within clusters, as VEC-Cre ERT deletion could potentially occur in cluster cells. Beginning at E11.5, pre-HSCs appear that are Runx1 independent. Deletion at E11.5 with Actb-Cre ERT results in HSCs with two deleted Runx1 alleles, but at no time will deletion with VEC-Cre ERT allow the emergence of Runx1-deficient HSCs. Therefore, Runx1 is always required in a VEC-Cre ERT -expressing cell for pre-HSC/HSC formation, regardless of the developmental time.
Finally, our observation that CBFβ-deficient LT-HSCs are severely impaired sheds light on an interesting observation in leukemia. Although bi-allelic loss-of-function mutations in RUNX1 have been observed by multiple investigators in acute myelogenous leukemia, bi-allelic mutations in CBFB have not been reported . It may be that loss of all core binding factor activity is incompatible with maintaining a leukemic or preleukemic stem cell, and they are easily outcompeted by normal HSCs. Therefore, drugs that target CBFβ and interfere with its ability to interact with Runx proteins could potentially have clinical utility if a therapeutic window in which activity in leukemic or preleukemic stem cells, but not in normal HSCs can be identified.
